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TMGout (Xout)

dx +
E:_x‘FCVXout-l—ﬁy [
dy 27 TMGin (x)
at - p+a® 7 | LacY-GFP (y)
Ozbudak et al. (2004) Nature 0 Lacl
ETILEEERIELIZ2D J_

TMG (methyl-B-D-thiogalactopyranoside)
LacYIZE>THRYAFEN. LaclzfBE T %




OzbudakETILDEEHMETEH D E K

dx
- = %t aXouw + By
dy 2
dt p + x?
Variables Constants
x: TMG,, a, f: Rate constants,

y: LacY-GFP p :Tightness of Lacl repression
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skl | (MATLAB): Ozbudak modelZEH 9

dx

E: _CU—|_OéX0ut —|—5y
dy x?

dt 0+ x?

EAE(ES) :x¢=0)=0, y(t=0)=0
INGA—B(FE#):0=0.1,5=10,p=25,X =5

out



"ozbudak.m"ZF o O—KrL T
function ozbudak
time = 0:0.1:30;

_/

%H "W \"— H m\/
= !H

X_init = 0; y_init = 0;
alpha = 0.1; beta = 10; rho = 25; x_out = 5;

sO = [ x_init, y_init J; % Initial values
param = [ alpha, beta, rho, x_out ]; % Constants

[t,time_course] = odel5s(@(t,s) ODE(t,s,param),time,s0);
plot(t,time_course)
end

/
function dsdt = ODE(t,s,param)

X =15(1); y=s(2),
alpha = param(1); beta = param(2); rho = param(3); x_out = param(4);
dsdt(1,:) =

dsdt(2,:) =
end

N

.g
N
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y (LacY-GFP)
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"ozbudak_hysterisis_timeseries.m"&4 > O—K
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function ozbudak_hysteresis_timeseries
(B%)
time = 60:0.1:120;
x_out =
x_nit=—_———————————— ]
y_init =
sO = [ x_init, y_init ]; % Initial values
param = [ alpha, beta, rho, x_out ]; % Constants

[t2,time_course2] = odel5s(@(t,s) ODE(t,s,param),time,s0);

figure(1)
plot([tl; t2],[time_coursel(:,2); time_course2(:,2)])
end

function dsdt = ODE(t,s,param)
X =5s(1); y=s(2),
alpha = param(1); beta = param(2); rho = param(3); x_out = param(4);

dsdt(1,:) =
dsdt(2,:) =
end

19
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time
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SR TE3(MATLAB):
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~~

- ARTRIEZROLSHE 2 "

ER a Y
L

1. TMG = X uM Tt N

>G 10}

2. &8 3 1
3. TMG = (X + AX) uM © =

i%% Extracellular TMG (uM)

X, (TMGou)

Ozbudak et al. (2004) Nature
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"ozbudak fig2b.m"#4 o> O—KL TEFEIE

function ozbudak_fig2b
(B%)
while x_out <= 20; % CZ®dwhileX|(d Fig.2b TE(CHHZ

sO = [ x_init, y_init ]; % Initial values
[t,time_course] = odel5s(@(t,s) ODE(t,s,param),time,s0);
y_end = % yDRFRIDRIME(ERRFDIE)Z y_end (C{AA
plot( x_out, y_end, 'ko');
X_out = x out + 1;
param = [ alpha, beta , rho, x_out ]; % Constants

%y end&. RDZ=a1L—>3>OFHMEICT D

end

while x_out >= 0 % C@dDwhile)l—F(CI4 Fig.2b LERICHEITIANETEZEL

% CCIClE ED while J)L—F EBIIERBEZE L,
=1z U
% JOvw I BB, RIEIRO+FE(r+)ET B,

end
end

function dsdt = ODE(t,s,param) (LA TFEE)

25
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NOTAT - Ta—k I\ OZEEMT L (FEHD)

, yD 57 %

SR sl ki TMGout (Xou)
da \ VX
dt —:—Z QXA oyt
dy 12




NROTAT - T4—R I\ IZEWT 5 (535H D)

’ @/\ﬂﬂ
SR sl ki TMGout (Xou)
d$ <+
E = —TiH Xy + 5y |
dy _~ad T TMGin (x)
dt  p+Ha?
| LacY-GFP (y)

Lacl D

g =10—5
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"ozbudak_phaseplane.m"#4 > O—K L TZEHEE
IHH 5

function ozbudak_phaseplane
(B&, #EHMBE. /\SA—A(L x outll¥h, B 1 EEUEDET D, )
X_out = % BRIMEZN T &

function dsdt = ODE(t,s,param) (E&)

function plot_phase_plane( time_course , alpha , beta , rho )
X_time_course = time_course(:,1);
y_time_course = time_course(:,2);
figure(1);
hold on;
plot( , , 'K % RO <
xlabel('TMG")
ylabel('LacY-GFP")
y = 0:0.01:0.8;

;o % dx/dt =0
plot( x,y, 'r); % ‘r'(EreddDr

x = 0:0.1:10;

v % dy/dt =0
plot( , , b");
hold off;

end "
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1. FREZR DIRENTET IL (Sel'kov model)

Strogatz (1994) pp.205 |
—U1— F6P(y) Ug ADP(x) —U3—>
_ PFK(a)
b1 = , r=v2— v3
Vo =ay + 7Y .
V3 = T y = vl —v2

erRal-1: 22— ar TIREIZHEZRLED
INSA—%5.a=0.06,b =06 s H#aa
PEAE: 2(0) = 1,y(0) = 1 #itsh: =,

Qo 11

)dtﬂ



“selkovim”’Z@ A O O—KLTEFEZIEH S

function selkov()
% selkovETJL
sO = [1, 1]; % ADP(x)D#JHAIE & F6P(y)D¥IHA{E
param = [0.06, 0.6]; % /\=X—% a, b
time = 0.01:0.1:100; % > =1L —= 3 > %17 D5

[t, time_course] = ode45(@(t, s) ODE(t, s, param), time, s0); % ODEZ#% <
figure(1)

plot(t, time_course(:,1), 'r, t, time_course(:,2), 'b"); % & : B, itEh EE Tplot
legend({'ADP','"F6P'});

end S, — X
2alb—ia iR
function dsdt = ODE(t, s, param) | | ‘ ‘
x = s(1); % ADP ﬁ:—H
y =5s(2); % F6P 2.57 ’

a = param(1);

b = param(2); il

vl = 1.5

V2 =

v3 = '

dsdt(1, :) = % ADPODRSRIZL

dsdt(2, :) = % F6PMDEFEIZAL 0, 20 20 5o 50 To0

end 55
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EM BEHDONTA—REETETHIES
forX z{E-

' function selkov()

(BZ)
[t, time_course] = oded45(@(t, s) ODE(t, s, param), time, s0);
figure(1); fori = 1:n
(BZ
' end ( X )
e end
_________________________________________________________________________ G oj#se )&
. function selkov_parameter_dependency() { (>< )%n %* Dl—a_
(B%)
b =0.1:02:1.17 numel(&c5)
for i = Lnumel(b) @E@JODEEEGD@;&

[t, time course] = 0de45(@(t, s) ODE(t, s, param), time, s0);

figure(1);
hold on; subplot(numel(b), 1, i);
plot(t, time_course(:,1), 'r', t, time_course(:,2));

_____

end #7245l [Xselkov_parameter_dependency.mZz S8 |

________________________________________________________________________________________________________________________
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HZEZRNDEER 3 -EER-
i = il‘UﬁE:‘cﬁ
dx/dt=0
{dy/dt=0
i~ R THD,
B AT,

___________________________

v

ZHx, yeXFELTRBSE-R

—————————————————————————————————————————————————————————————————————————————

S = solve('z=(1', 'T2, X, 'y");

&a“irui SIZEMNMEA SN,

Fonl-g&. S

s 3'<'}"§l9']'"? 5 @:ms Xy;

______________________________________
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e OzbudakETIVIZ3 DHAETE m D EEIZE KR OHIEILN

- BEE=XIWI95/NDKH

function S = ozbudak fixed point( )
Syms X Y;
S =solve('-x+ 0.1 *5+ 10*y=0,.

=

% EE =D MERZTRT

end

72



1ZMD4 - NJk)Li5

-

|

NFHRD:

\\Xxxx\xsﬂ
,.\/
_ >3\¥ I
d49D-A%e7 |
ﬁéew RS
L .
K¢A® sA m._w_
—_ P sg-\V
S N~ .y A.m.\—
x.yllv ./l—lo_u_.-_.lu
— 3E = = S A
0N T _2EHE

TMG

73



RNIRILIGHFHCE. RRADOITE DO RIELEIAH NS

- #MHAEZMETm
DEZHh—rIZ
B<

. FREABHIL D
DHAERES

- XBIFETESR
[ZEI =

LacY-GFP

12¢
"N I

08 X X \ \ \ N o &
\ \ ~ \ ~ R . = « .

o \‘> x \ \) ~ N P | (
: \ ~ ~ > Z ¢ & &~ "~
‘.A) \ > ’ 7 < 1S <
KR ¢l &
04 % x\ N ) N /\ ~ A\
02 N - K \ \& ‘\T\\

-0.2

12



I-]
I~l

FHFEmEIZRIRLIEZFRE]

BEADER

f(z,y)

9(z,y) |

IS4 DI EERIALI =S
— xDXIILIZA42ETIE =0
— TEHERIMNLITIEE

BR(x,y)ITKES(x,y)D
A VANV 2118

——
e R
|l

RIMILDRIEIE?

— BIRIE x>0 EIEBMEEBERDDIGEE. x=fx,y)>0EHL
THRER

— XIS AVERICESLAIOREED %> 0 EEHM DO D

75



XIVITGAERGRILIS

y(LacY-GFP)

x(TMG)
X>0IXBRZEZDODARINL
X<0 I XERZDARINL

9. X>0 &5 0EE(E
x=-x+aoX_, +py>0

X o
y>___Xout-ts o
55 H5
X=0DXILIZA4>DARIF
X o
y=——-—X_,ThHdhio, X=0%
g p

EELTEAIA X >0, FTRA X <0
ThHb,

y BRIk

76



NEZNDEE 4 -RNHKN)LI5-
RNokILGIE.

B (0,0)E QN EFNENIEEELL
RORIL(CR) (5,4) E(2,3)FRRE-WEE 1.
qUiver([OIZ]l [Oll]l [51_211 [41_3])1

ETNIEEKLY,

X EEIZIE, — BRIV IMNLOESIN V21215
SOIZHRBIEEShTLES,

77



NEZRDEER 4 -RNYUMILIE-

NIRILDIIB R DRO A

Vo !
S .
S g
— >
— >
T g

N e e ]

(0, 0) (N, 0)

[X,Y]=meshgrid(0:Nx, 0:Ny)
meshgrid(0:4, 0:5)

|

X = Y =
0 123 4 00000
O 1 2 3 4 1 1 1 1 1
O 1 2 3 4 2 2 2 2 2
0O 1 2 3 4 3 3 3 3 3
0 1 2 3 4 4 4 4 4 4
0 1 2 3 4 5 5 5 5 5
X, Y{E->T,
ZANTRILERDD

DX: " ;

DY: " ;

quiver(X, Y, DX, DY);.



Eired (NELETEM)2: RIFIILIGFHE(MATLAB)

¢« MATLAB#{F>TOzbudakETILDARHYNILISFIHEL
=LY,

function ozbudak vector_field()

(Bg)
function vector_field( alpha, beta,rho,x out)
[x,y] = meshgrid( );
DX — 12
= ‘ NN Yy
oY §§§
figure(l) RARGNGR T
' ; R Dl e
quiver( ; ; xfff LS
end . SN
SRR
NN &&
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NEZRODEER 5S-VYaETIHLEFE-
YaOE T EMATLABZ RALNVTROBIZIE.
DURIMESNT=ZEE (X1, - xn) &
B# f = f(x1, --- xn)
I LT, M Z 2B Ediffa ALVS,

{51

syms x y; % > NILx,yZEEE

f=x"2 + y~3; % Bz ESE

dfdx = diff(f, x); % f&Ex T
subs(dfdx, x, 2) % x=20D & =DM 1%REN

15112:

syms x y; % =2 NILx,yEEE

f=x"2 4+ y~3; g = xM*y; % BEfETER

J = [diff(f, ), diff(f, y};)diff(g, x), diff(g, y)I; % I EiT5asE

e - = Y,

subs(J, [x, v1, [1, 2]) % x=1, y=2D &L =DV IETH .
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{511
[V,D] = eig(A);

T

D: 175, Xt £
HB BN
1512:
d = eig(A);
T d: &
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=175 EEE (E-
B BFERIRILEKRDBIZIL.

V: 175, BINEE BT NI MILIZH I

I ICERE,

~ILD BB F &I

EEORNIEL

BEOEHNENNMDOTELELGL., BERIETRTE

& E RITRETE




Further Readings

*  Steven Strogatz [ RO VY BB A A FIVORENF R, A EHIR
- AP EZFOBNSHLBRMGEAOCT VIR NZREEE

*  Ozbudak, EMM. ef al., “Multistability in the lactose utilization network of
Escherichia coli”, Nature 427(6976):737-40, 2004.
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* Bhalla, U.S. and Iyengar, R., “Emergent properties of networks of biological
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* Tanaka, R.J. et al. “Skin barrier homeostasis in atopic dermatitis: feedback regulation
of kallikrein activity”, PLoS ONE 6(5):19895, 2011.
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C{RNTHOIRENIIR K2

AEEFE A D (FRR1E) ET L (FitzHugh-Nagumo model)
FitzHugh, Biophys. J (1961) [Hodgkln Huxley & B4 D ]

Nagumo et al., Proc. IRE (1962) RAEWNAETIEHETIL
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SRR TOIRENIRRK?2
HFFEF N D (EI&E) T )L (FitzHugh-Nagumo model)
FitzHugh, Biophys. J (1961) Hodgkin-Huxley & [E]H D
Nagumo et al., Proc. IRE (1962) RAEWNAETIEHETIL
n: i Neurotransmitters drl] US
vvvvv le rNeﬁﬁgsngSr‘:‘tsr . —_— U w —I— Inp,LLt
g/éit;adggl-a o AR terminal dt 3

eeeee

&¢)/] transmitter d
«/ receptors _ w

Synaptic

. < 522
Post-synaptic ) o%:“o/ }cleft . _ b
density Dendritic 7- - U a w
F spine d

V:EEA. W: FEHEIEES
(FABRIEIZ K> TER)
Birea2-1: 22—  TIREIZHEZELED
INGA—R-a=0,b=1,Input =0,7 =10
DHHUE: z(0) =1,y(0) =0

o
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“fitzhugh nagumo.m” &4 DV O—FLTZEREEZIEDH S

function fitzhugh_nagumo()
% FitzHugh-Nagumo®7)L
% ODEZZUER (C#Z <
sO = [1, 0]; % RREAL(v)DFHME EANEEEZEE (W) DFHRME
param = [0.0, 1, 0, 10]; % /\=>X—% a, b, Input, tau

(B%)
figure(1);
plot( );
figure(2);
plot( );
(B%)
end
function dsdt = ODE(t, s, param) function plot_nullcline(param)
v =5s(1); % EEAL a = param(1);
w = s(2); % WNEMHEEE b = param(2);
a = param(1); Input = param(3);
b = param(2); tau = param(4);
Input = param(3);
tau = param(4); v = -2:0.05:2;
wl =
dsdt(1, :) = w2 =
dsdt(2, :) = plot(v, wil, 'r', v, w2, 'm');
end end
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function dsdt = ODE(t, s, param) function plot_nullcline(param)
(B%) (Bs)
dsdt(1, :) = v -v.~3./3 - w + Input; wl =v -Vv.~3./3 + Input;
dsdt(2,:) =1 ./tau . *(v-a-b.*w); w2 =1./b.* (v-a);
end plot(v, wl, 'r, v, w2, 'm");
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Input |Sel'kovETILDIEEESEIZLDDEATHESTHD !
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SRR (?) TOIRIRZR3

H13.1) T Ly L—A— (Repressilator)
JOE—F—MREICHEELL

Wﬁ%ﬁ%k ] Inhibitorl & 2 HRDMEE
§
dm,; o
= —my Qo
dt 1+ p?
73 (mRNAIZEEA5)) mRNA D EFEF IR
Protein® BFfE1 22
% al SR (B OB BIZHA)
dp; o
- = (M — Pi)  BISA—BEERTALTHS
N

#HER (mRNA (< EEA5)
(4,7) = (TetR, Lacl), (Lacl, XcI), (Acl, TetR)
a=100,a0=1,8=5,n=2 .



FERERRE3-1 “repressilatorm”Z4 D O—FL TEEZIEDH S

function repressilator()
% Repressilator€>)L
% ODEZZMERY (CHZ <

(B%)
figure(1);
plot( );
% feagh: el MEE: 22X C /0w b~ (3ERDSY 2 /\TJE(CDUV )
figure(2);
plot3( );
% #@El: TetR, #tEh:Lacl. =S EH: Acl
end
3RTDTOWY b
func&g;\ dsdt = ODE(t, s, param) | plot3([xDcHl], [yDEcs!], [zDEEH]], )
dsdt(1, :) = % tetR-lite
dsdt(2, :) = % lacl-lite
dsdt(3, :) = % AclI-lite
dsdt(4, :) = % TetR
dsdt(5, :) = % Lacl
dsdt(6, :) = % Acl

end
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FRiREE3-3: Repressilator® 7\ T A—K1F 4%

dmi 84

= —1M; -
dt 1+ p7 ’

dpz
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Lotka-Volterra® T ILZfE{EEDFE R

Lotka-Volterra® 7T )L CHEXE =< L.
B2 (ZIXEAENEZ R

ZTDEFoded5STHIERZKHDE
FEAMEXRF DFAMEIZESELD T |
AR BRETERAD

(WUF . FRUERS ZE D) Yy

function lotka volterra
% Lotka-Volterra®=> )Lz #4ER (CfE <
time = 0:0.01:150;
param = [1,0.01,0.02,1]; % a, b, ¢, d

sO = [20, 20]; % x0, yO

options = odeset('RelTol’, 1e-6, 'AbsTol', 1e-3); L
[t, time_course] = oded45(@(t, s) ODE(t, s, param), time, sO, options);
(B%)

end 103
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Rebirth of a Dead Belousov—Zhabotinsky Oscillator
Hitomi Onuma,” Ayaka Okubo," Mai Yokokawa,® Miki Endo, Ai Kurihashi,' and Hiroyuki Sawahata*

Mito Dai-ni Senior High School, Oh-machi, Mito, Ibaraki, Japan

ABSTRACT: Long time behaviors of the Bels ‘habo-
tinsky (BZ) reaction are experimentally analyzed in a closed
reactor. The amplitude of the oscillation is suddenly damped
after about 10 h. After about $—20 h, the dead oscillator is
suddenly restored with nearly the same amplitude as before it
stopped its oscillation for certain values of the i

sodium bromate and malonic acid (MA). With the other
domains of the concentrations, the oscillator simply damps
and never restores its oscillation. The phase diagram of the

0 005 01 015 02 025 o D
AL,

different types of damping behaviors as a function of the concentrations s obtained.

1. INTRODUCTION

The Belousov—Zhabotinsky (BZ) reaction has been well
5

The BZ reaction has been examiney
(batch reactors) and open systems (continuous flow reactors). In
the open system, reactants are supplied at a constant rate, and
steady states such as a periodic oscillation, multistable states, or
chaotic behaviors have been observed. On the other hand,
reactants are consumed with the progress of the reaction in the
closed system, thus the system eventually approaches chemical
equilibrium as oscillatory states die out. It has been reported that
arich and complicated behavior is shown in the closed system of
various reaction conditions.'® ' However, in their studies they
have mainly focused on the complex behavior of the oscillation
and not on the way the oscillation dies away. In this paper, we will
focus on this dying away process.

To see this process, we performed experiments of the BZ
reaction in a closed reactor for a very long time. For example, if
we leave the ferroin catalyzed and stirred a BZ solution in a
beaker fora very long time, the oscillation of its color between red
and blue ceases and turns into a monotonic light yellow. This can
be explained as follows: In general the reaction in a closed system
should reach a thermodynamic equilibrium state.'® In our case,
the ferroin/ferrin, which is an iron catalyst in the BZ solution of
an acidic condition, slowly dissociates in Fe?*/Fe>* and the 1,10-
phenanthroline ligand."* At the same time, other reagents are
also gradually consumed as time goes by. Hence, the chemical
oscillation cannot last forever, and the oscillating state is dragged

steady period is about 5.5 h. After this rebirth, we found that the
system gradually reaches a monotonous thermodynamic equi-
librium. Such dynamical behavior with a much shorter dead time
of about 12 min has been previously provided as a result of
model calculation.'* However, to our knowledge, the phenom-
enon with such a long dead time reaching several to 20 hours,
which is 3 orders of magnitude longer than the time scale
observed in ref 15, has not yet been reported. Furthermore, it
was clarified experimentally that the phase diagram of the initial
concentration of [MA], and [BrO; ™ |, of BZ oscillator with the
long dead interval had a well-defined domain. Hence, it seems to
us that this long time behavior may be categorized as a new
dynamical phenomenon. The main purpose of this paper is to
report this interesting new observation.

2. EXPERIMENT

Our experiment has been performed as follows: A beaker of
20 mL was placed in a thermostatted water bath to keep the
reaction temperature constant at 25 °C. In all experiments, the
initial concentrations of sulfuric acid and ferroin were fixed as
080 M and 2.0 x 1077 M, respectively, while the initial
concentrations of sodium bromate and MA were changed in
the values shown in Table 1. The free surface of the BZ solution
contacted with the atmosphere. To perform all experiments, we
first prepared a solution without ferroin just before the experi-
ment, then the oscillation began when ferroin was added next.
Therefore, the total volume of the reaction mixture was kept

constant at 20 mL, and the stirring rate was 190 rpm through this
— into one of some steady states depending on the initial concentra- study. We measured the profiles of the redox potential Eogp by
—_— —_— tion of the ingredients. Then the system usi electrode (HORIBA, 6861-10C), which is
h— of thermodynamic equilibrium.**"° We found that it is indeed the  composed of a Pt wire and Ag/AgCl clectrode utilizing a
case for almost all concentrations of the ingredient of the solution.  saturated K,50, aqueous solution as an internal solution, and
However, we also found that, for a certain value of the the data were recorded by a personal computer through an AD
concentrations, the dead BZ oscillator suddenly resumes its
oscillation after about 520 h, with nearly the same amplitude Received:  January §, 2011
as it did before the oscillation stopped. An example of these  Revised:  October 14, 2011
phenomena is shown in Figure 1, where the intermediate quiet Published:  October 14, 2011
g7 ACS PUBIICtONS 2011 Amern hamic socisy 1137 Gudoora/ 1010219200103 |1 Py Chm.A 201, 15, 14137-14142
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